YUCCAS, YUCCA MOTHS, 
AND COEVOLUTION: 

A REVIEW 1 


Abstract 


The obligate pollination mutualism between yuccas (Agavaeeae) and yucca moths (Lepidoptera, Prodoxidae), in which 
the adult moth pollinates yucca (lowers anti her progeny feed on developing seeds, is one of the classically cited 
examples of coevolution. While known since 1872, our understanding of the ecology and evolution of this association 
has increased dramatically in the past decade. Here I review current information on organismal diversity and phylo¬ 
genetic relationships, ecological relationships, origin and reversal of the mutualism, and the potential lor analyzing 
patterns of co-speeiation and tHe historical role of coevolution on specific traits in driving diversification in the inter¬ 


action. Major novel developments in recent years include the recognition ol a large species complex ol pollinators. 

_ _ ^ _ _ a i^i ^ a m m ^ 


previously thought to he one polyphagous species; a majority of all moth species are monophagous. Considerable lile 
history diversity has been unveiled, and mechanisms that maintain a mutualistic equilibrium by preventing over- 

w • 

exploitation documented. Phylogenetic and ecological information, including data from other, newly discovered facul¬ 
tative pollinators in the Prodoxidae. have been used to erect a hypothesis lor the evolution ol obligate mutualism. 
Application of a molecular clock to phylogenetic data suggests that tin* plant-moth association arose at least 40 Mya. 
and that the obligate mutualism evolved very quickly alter this event. Two separate events ol reversal ol mutualism 
have been identified, involving derived "cheater** moth species that oviposit into Iruits resulting from pollination by 
other pollinator species. This appears to have happened not through selection for cheating, but rather as a byproduct 
of a phonological shift to art unexploited seed resource, in which case pollination behavior became redundant. Analyses 
of parallel diversification and character coevolution are hampered by incomplete phylogenetic information at the species 
level, especially for the plants, but also for the pollinators. Available data indicate considerable deviation from strict 
eo-speeiation, and no evident examples of this process. Analyses ol tin* role ol coevolutionary processes in driving the 
diversification of yuccas and yucca moths will be possible once fully resolved phylogenies become available. 
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Coevolution, in the sense of reciprocally induced plant-feeding insects often have increased rates ol 
evolution, is one of the major processes driving di- diversification compared to sister groups with di¬ 
versification and speciation (Farrell & Mitter, 1993; lerent lile habits; thus one or more life history' as- 
Thompson. 1994, 1999a, 1>). Since first applied in peets of these groups appear to be important in 

plant-animal interactions as a hypothesis to explain driving diversification and speciation. This might 

involve, for example, chemical, physiological, and 


diversification among butterflies and flowering 
plants (Khrlieh & Raven, 1964), it has been ap- morphological arms 

plied successfully in comparative analyses to test organisms. 




s between the interacting 


rates of diversification in ecologically defined 


Our understanding of coevolutionary processes at 


groups, such as plant-feeding insects and parasit- populational and species levels is still in its infancy 

oids (Mitter et al., 1988; Wiegmann et ah, 1993; bec ause identification of proximal factors of diver- 

Becerra, 1997; Farrell, 1998; Becerra & Venable, sification relies on strong phylogenetic hypotheses 

1999). Several such studies show that plants and for the interacting organisms (Barraclough et ah. 
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Figure I. Tegeticula yuccasella female collected by G. 


1998; Pagel, 1998, 1999a, b), extensive life history 

data, and ultimately experimental testing of emerg¬ 
ing candidate traits (Armbruster et al., 1997). Often 

tin* phylogenetic frameworks are missing, and there 
art* very lew instances where all these criteria are 
met. A recent exception is the study of Becerra 
(1997), who used data for members of the plant 
genus Bursera (Burseraceae) and a group of spe¬ 
cialist herbivorous beetles ( Blepharida ; Chrysome- 
lidae) to suggest that chemical defenses and detox¬ 
ification traits have been a major evolutionary 
factor in I lx dr diversification. 

One of the most often cited cases of coevolution 
is the obligate mutualism between yuccas ( Yucca 
and Hesperoyucca , Agavaceae) and yucca moths 

(Tegeticula and Barategeticula , Prodoxidae, Lepi- yucca moths and yuccas, and discuss its utility in 
doptera). In this association, tin* plants rely on exploring more general questions of coevolution, 
adult moths for their pollination, while the moth Since the latest reviews of this interaction, by Bak- 

m 

larvae require developing seeds to complete their er (1986) and Powell (1992), information on svs- 

W 

development. This association was first recognized tematics, phylogenetic relationships, and life his- 


Kngelmann on the first night that he observed moths on 
Y. filamentosa Mowers. Label likely written by C. V. Riley, 

«/ j j j 

who received the moth. From the collections of LISNM. 


over a century ago (Anonymous, 1872; Riley, lory has increased dramatically, especially in the 

1872), and then served not only as an example of moths, and the complexity of the association at dil- 

remarkable pollination mutualism, but also as one ferent hierarchical levels is now quite different, 
of the first and strongest examples of evolution by 


means of natural selection. Together with a lew oth¬ 
er models of obligate mutualism that involve seed¬ 
eating pollinators, the yuccas and yucca moths form 
a class of associations that are excellent systems 


Early History ok Study ok ink Plant-Moth 
Interaction 


The first observation of the yucca moths was 


for studies of coevolution, as well as of evolutionary made by George Engelmann in St. Louis in 1872 

and ecological dynamics of mutualism and its dis- (Engelmann, 1872). Engelmann asked Charles Ril- 

solution. This stems in part from the relative sim- ey, then stale entomologist of Missouri, to explore 

plicity of measuring fitness costs and benefits in the relation* diip between the moths and the plants, 

these interactions; in most instances both plant cost Baker (1986) provided a passage from Engehnamrs 

and benefit can be measured in seeds. Second, in notes written on 13 June 1872 about the initial ob- 

contrast to most other plant-pollinator associations, scrvations the previous night, and one of the moths 

these are relatively exclusive associations, often observed from that initial set of observations ap- 

willi a single pollinator species per plant species, pears to have survived. Riley donated his very large 

making it easier to measure reciprocal effects than insect collection to the United States National Mu- 

when webs of many, simultaneously interacting taxa seum of Natural History (Smithsonian Institution), 

have to be analyzed. where it became the nucleus for the creation of the 


Considerable progress has been made in under- Department of Entomology. Among his yucca moth 

standing this unusual type of obligate pollination specimens is one female Tegeticula yuccasella (Ril- 

mutualisms in the past 15 years. This is certainly ey) specimen labeled "found in Yucca flower—En- 

true of the long-recognized yucca-yucca moth and gelm. June 12/72" (Fig. 1). This date coincides with 

fig-fig wasp associations (Riley, 1872; Weiblen, that of Engelmann s original observations at the 

2002). The two other documented examples of such Missouri Botanical Garden, and is obviously a moth 

obligate associations (Trollius europaeus L. |Ran- given to Riley by Engelmann. Although this would 

unculaceae) and Chiastocheta flies [ Diptera: Antho- have been an obvious candidate for holotype, it is 

myidaej, and /jophocereus schottii (Engelm.) Britton not. Riley, a driven and opinionated worker, never 

& Rose [Cactaceae| and the moth Upiga virescens bothered to designate or label type material for any 

(Hu 1st) fLepidoptera: Pyralidaej) were actually first of the many species that he described, but instead 

documented during this period (Pellmyr, 1989, would mention in his descriptions the number of 

1992; Fleming & Holland, 1998; Despres & Jaeger, specimens used for the description (Davis, 1967). 

1999; Jaeger et al., 2001). Here I will review our A lectotype having already been designated for 7. 

current understanding of the association between yuccasella , the surviving moth from Engelmann s 
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original observations has now been labeled to in¬ 
dicate its historical significance. 


1875: 340—342). Others charged not only that Riley 

was incorrect but that the very phenomenon of in- 


Charles Riley was to dominate the held of yucca sect pollination was a dubious notion in the first 

moth studies up until his sudden death in 1895, place (Boll, 1876; Meehan, 1876); Boll went on to 

despite this being a sideline in his job as the first stale that active pollination “belongs in the land of 

federal entomologist (Sorensen, 1995). One of his fables.” Yet other critics challenged that his argu- 

most important contributions was his involvement ments about exclusivity of moths in pollinating yue- 

in the salvation of the French wine industry (Smith, eas were overstated (e.g., Hulst, 1886). Riley re- 

w ' ^— 


m ^ ™ 

1992). I mention it here because it indicates Rileys spondee! to his critics with experimental results, not 

general understanding of the process of plant-insect always published in full, often with a singularly 

coevolution. By the early 1870s, North American sharp pen (Davis, 1967). A prolific writer, with 

grape phylloxera aphids (Daktulosphaira vitifoliae some 2400 entries in his bibliography (Ho & Yuille, 

(Fitch)) accidentally introduced in central Europe 1990), Riley used the empirical data as he knew 

caused massive mortality of European grape culti- them to rebut and often scold his critics (e.g., Riley, 


vars by attacking their roots. Riley (1871) reasoned 


1881, 1887) 


that American Vitis species had coevolved with to ridicule. 3 


phylloxera, and thus might tolerate them better. A 


Following Riley’s death, a hiatus arose in the 


graft in 


g program 


with European culti vars and pirical study of the association. 1 release worked 


American roots proved highly successful in reduc- with Riley on behavioral and botanical aspects, 
ing phylloxera impact, and carried the industry to performing extensive fieldwork, and published de- 
finaneial survival; Charles Valentine Riley may be tailed observations on pollinator behavior as well 


the only individual to have received the French Ee- as plant morphology and systematics in his works 

(Trelease, 1893, 1902). Considerable collections of 


cion of Honor for contributions to coevolution. 

o 


An extraordinary observer and able thinker, Ril- both moths and plants were made by Susan Me- 


w 

ev unfolded the basic natural history of the plant- Kelvey for her monographs on southwestern Yucca 

_ J W ^ 

w 

moth mutualism and documented the life histories (McKelvey, 1938, 1947). Busck (1947) attempted a 

of the pollinator Tegeticula yucca.sella and the bo- reassessment of moth-plant associations based on 

gus yucca moth Prodoxus decipiens Riley within a McKelvey’s insect material; his conclusions when 

decade of the initial discovery (Riley, 1880, 1881). correct generally followed those of Riley, but Busck 

In contrast to the records of most of his contem- misinterpreted morphological variation that he was 

poraries. there are very few inaccuracies in his ac- the first to document among pollinator yucca mollis, 

counts, simply because of his reliance on empirical cheater yucca moths, and bogus yucca moths. 


observation. In this, he arguably belonged in the 


Since the 1960s, information about the associa- 


exclusive group of exceptional naturalists with tion has accrued at an accelerating pace from sev- 

wliom he regularly corresponded, such as Charles eral lines of investigation. I his includes systematic 

Darwin. Alfred Russell Wallace. Henry Walter and phylogenetic studies of the organisms, as well 

Bates, Thomas Belt, Fritz and Hermann Muller, and as the ecological and evolutionary studies of the 

Asa Gray. As one of the early protagonists of evo- interactions between the moths and the plants, 

lution by natural selection in the United States, Ril- 

W 

ey went beyond natural history to use the relation- NATURAL HISTORY 


ship between the yuccas and the moths in 
discussing more general issues such as mimicry 

and animal pollination (Riley, 1871, 1892). 

The relationship between yuccas and yucca 
moths, characterized in an 1877 letter from Charles 
Darwin as “the most remarkable example of fertil¬ 
isation e 


ORGANISMAL DIVERSITY 


The yuccas. The yuccas are part of the North 
and Central American family Agavaceae (Fig. 2). 
Recent data suggest that the sister group of Aga¬ 
vaceae may be the small family Camassiaceae, con- 


1 i. . i» / D ii i, v c loo/iY fined primarily to mesic habitats of western North 
. vcr published (Burkhardt & iSnutn, 1994), r . 

, i _ . c . i- , • .i America with the exception being one species in 

drew the attention of many other naturalists in the _ . 1 % HU¥ . 

r a , r r* a i* m u 1 eastern North America (Plosser & Ispeta, 1999). 

first 15 years after the discovery. Riley was chal- 1 1 

J j j 


lenged on numerous occasions regarding the ac¬ 
curacy of his observations. This included the ar- 


' V. T. Chambers, an amateur lepidopterist, mistakenly 


r f-i r i ii /’ i 1*1 used the first non-pollinating bogus yucca moth to chal- 

gument from P. C. Zeller, a German entomological , ru " . " . r . r 7 |U , ri 

^ lenge Riley s description of pollinator yucca moths (Gham- 

authority whose experience will) yucca moths was ^ ]877) , n a re | )Utla |, Ki| ey (laao) untangled the con- 
limited to three pinned specimens given to him, fusion and used Chambers's moth to erect the new genus 
that it was simply too improbable to be true (Zeller, Prodoxus (Gr., "judging of a tiling prior to experience”). 
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Funkiaceae 


Camassiaceae 


Hesperaloe 



Furcraea 


Beschorneria 


Agave in part 


Agave in part 


Manfreda in part 


Manfreda in part 


Polianthes 


Prochnyanthes 


Agavaceae and its sister families, adapted from IMosser 
*1 al. The onlv two genera pollinated l>\ prodoxid 
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Generic-level relationships are partly unresolved range has been extended into Central America and 

within the family, but are robust among the taxa northern South America through the cultivation of 

involved in the obligate mutualism with yucca K elephantipes Regel for their edible flowers (Tre- 

moths (Bogler & Simpson, 1996; Clary, 1997). The lease. 1902; Matuda & Pina Lujan, 1980). Several 

monobasic Hesperoyucca , originally described as a species have been in cultivation on other conti- 

distinct subgenus based on such features as a cap- nents, including in Europe since the late 1500s 

itate stigma (Engelmann, 1871). was long consid- (Gerarde, 1633), but yucca moths have never been 

ered a section within Yucca (Baker, 1986). Recent found either south of Mexico or on other continents, 

analyses show Hesperoyucca to be the sister group Rilev (1881) attempted to establish them by send- 


of Hesperaloe , a small genus of the Sonoran and ing batches of pollinator larvae in their cocoons to 

Chihuahuan deserts (Bogler & Simpson, 1996). I m- Darwin and Stainton in England, Plane lion in 

portantly, Hesperaloe taxa are not associated with France, H. Muller in Germany, and Asa Gray in 

the yucca moths, and instead rely on hummingbirds Massachusetts, for establishment on cultivated yuc- 

(Pellmyr & Augenstein, 1997) and probably bats cas. Muller (1874) reported that moths hatched, but 

(Engard, 1980) for their pollination. Jointly. Hes - no local ornamental plants were in flower. Darwin 

peroyucca and Hesperaloe constitute the sister group had no yuccas in cultivation, and forwarded his co- 

of all remaining yuccas (Bogler & Simpson, 1996). coons to Joseph Hooker at Kew. where their sub- 

Yucca is divided into three sections; spongy- sequent late is unknown. 


fruited section Clistocarpa , the fleshy-fruited sec- 


The two larger Yucca sections, section Sarcocar- 


tion Sarcocarpa , and the capsular-fruited section pa and section Chaenocarpa , have wide ranges that 

Chaenocarpa. Section Clistocarpa consists solely of overlap in areas north and south of the border of 

Yucca brevifolia Engelm., whereas the two other Mexico aiu I the United States (Fig. 3). The fleshy- 

sections consist of no more than 20 to 25 species fruited section Sarcocarpa is primarily southern, 

each (Clarv, 1997). Section Clistocarpa is charac- ranging throughout the Megamexico-1 biogeograph- 

terized by the single autapomorphy of a thickened ic region of Rzedowski (1993), and extending in 

one species northward to southern Colorado. The 


exocarp, as observ 


ed 1 


)V 




3). \h 


s posi 


tion relative to the other yuccas is uncertain but aberrant V. aloifolia L. occurs in the northern Ca- 

possibly tied to the series Rupicolae of capsular- ribbean and along the U.S. Mexican Gulf and 

fruited species (Clary, 1997). The longstanding in- southern Atlantic coasts; it reproduces vegetativelv 

terest in yuccas and their importance in many hi- but is not known to have a native pollinator. Its 


oloeical communities notwithstanding. Yucca 


v ..w... ..origin is unclear, and 1 will return to it later. The 

taxonomy and svstematics remain in a state of flux, capsular-fruited yuccas are more northern in dis- 

j j \ j 

with much need for a modern revision. Revisionary tribution, ranging from the northern edge of the 
work is complicated by the relative scarcity ol her- Great Plains in southern Canada southward to the 
barium material, caused in part by the logistic Mexican High Plains. 

Whereas yuccas generally are associated with 


problems of preparing specimens from these large, 
succulent plants. Horticultural interests in the shrub desert, chaparral, or grasslands, many Mex- 
group also have contributed to a plethora of n< 


ican species often grow in pine-oak woodland (Ma- 
with many taxa narrowly delineated using in effect tuda & Pina Lujan, 1980; Gentry, 1982). Packrat 

a typological species concept (sensu Mayr, 1963). midden data from the Wisconsin glacial show that 

Observed variation frequently has been attributed species such as K rostrata Engelm. ex Trel. that 

to assumed hybridization and introgression (e.g., currently inhabit shrub desert grew in pine-oak 

McKelvey, 1938, 1947; Webber, 1953), but this woodlands in areas such as the Big Bend region of 


should be considered speculation as there is only Texas during wetter periods (Van Devender, 1990). 
one example where genetic evidence for introgres- r pj ie most unusual habitats are those of the south- 


sion between two yucca species is provided (Han- emmost yuccas, Y. elephantipes and K lacandonica 
son, 1992). Phylogenetic analyses are limited thus Q. Pompa & Valdes. Both occur in rainforest, with 
far, but appear not to violate assumptions of mono- former having a terrestrial habit whereas the 

phyly of both section Sarcocarpa and section latter is epiphytic or epilithic (Matuda & Pina Lu- 


Chaenocarpa (Glary, 1997). I he use ol horticultural j an ^ ]980; C. Beutelspacher, pers. comm.). 


material or yucca cultivars of unknown origin in 
some studies may contribute to historical confusion 


The yucca moths . The yucca moths belong to 

m 

about relationships. the Prodoxidae, a basal family within Lepidoptera 

The Hesperoyucca-Hesperaloe-Yucca elade is na- of 78 described species (Davis, 1998; Pellmyr, 
live to North America (Fig. 3), and its contiguous 2002) and at least 15 additional undescribed spe- 
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Figure 3. Approximate limits ol natural distributions of Hcspcroyucca and (lie sections of Yucca. Hesperoyucca . dark 
gray (California, Baja California, Arizona); Yucca seel. (Uislocarpa . horizontal lines; section Chaenocarpa , diagonal 


positive-slope lines and medium gray; and section Sarcocarpa , diagonal negati\e-slope lines and black squares (latter 
along southeast II.S. coast). Only published collection records from the wild, herbarium records from UN AM and MO. 
and a few records from J. A. Powell and my own fieldwork were included to avoid complications of extensive cultivation 
and escape. Published sources used were Kngelmann (1873), McVaugh (1983). Mohr (1901). Mekelvev (1938, 1947), 
Moss (1959), Steyermark (1903), Powell and Mackie (I960), (deal Plains Flora Association (1977), Rowlands (1978). 
Matilda and Pina Lujan (1980), Turner et al. (1995), and Carefa-Mendoza (1998). Special procedures were made for 
Y. filamcnlosa and Y. aloifolia. Ytuca filamentosa (s.l.) has been naturalized by Kuropean settlers across the eastern 
U.S. and into adjacent parts of Canada, so I only used records from ihe oldest comprehensive published sources 
(Kngelmann, 1873; Mohr, 1901; Trelease, 1902) to establish a conservative range (medium gray in southeastern U.S.; 
open circles give actual sites). For K aloifoliu (black squares), the same sources plus Britton and Millspaugh (1902) 
were used; lor records from the Antilles (Tre I ease, 1902), specific locations and circumstances ol each collection are 
unknown. Land areas south of Mexico have been excluded. 


cies (Frack, 1982; Nielsen, 1982; Pellmyr & Bui- lecular data (Brown et al., 1994; Pellmyr & Lee- 

cazar-Lara, in prep.). The sister family Cecidosidae bens-Maek, 1999) together suggest that the mono¬ 
consists of gall-makers feeding mostly on Anacar- basic Prodoxoides , the only southern hemisphere 

diaceae (Nielsen, 1985), and it shows a typical prodoxid moth, is the basal genus in the family 

Gondwanan distribution. The presence of sister (Fig. 4). Grey a is a diverse genus of boreal and 

temperate humid to semiarid areas of western North 
which are highly sedentary, strongly indicates an America (Davis et al., 1992), with the exception of 

origin of this family, and by inference the Prodox- a few basal members recently documented from 

idae, before the South Atlantic breakup 95—100 easternmost Asia (Kozlov. 1990). Tetragrna is con- 

million years ago (Pellmyr & Leebens-Mack, 1999). fined to North America, whereas the large genus 


genera in Africa and South America of these moths. 


Morphological (Nielsen & Davis, 1985) and mo- 


Ijimpronia is holarctic in distribution. These gen- 
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Host families 


Extant 

distribution 



Cecidosidae 
Prodoxidae 
95 Mya 


Woody monocots 
colonized 
44.1±10.6 Mya 


Pollinators 
41.7*11.1 Mya 


Cecidosidae 


Prodoxides (1) 


Greya (18) 


Tetragma (1) 


Lampronia (27) 


Mesepiola (1) 


Prodoxus (11) 


Parategeticula (4) 


Tegeticula (13) 


Anacardiaceae 


Myrtaceae 


Saxifragaceae 

Apiaceae 


Rosaceae 


Rosaceae 

Grossulariaceae 

Saxifragaceae 

Betulaceae 


Nolinaceae 


Agavaceae 


Agavaceae 


Agavaceae 


S. America 
S. Africa 
New Zealand 


S. America 


W N. America 
E Asia 


W N. America 


Holarctic 


W N. America 


N. America 


S N. America 


N. America 


Figure 4. Genus-level phytogeny for Prodoxidae, based on mlDNA and morphological dala, willi information on 
plant host families and extant distribution. Estimated minimum dates for seminal events and trait origins are baser! on 
a molecular clock, calibrated based on biogeographic data from the sister family Cecidosidae. Free information and 
dates from Pellmyr and Eeebens-Mack (1999). Numbers in parentheses are numbers of described species. 


era use a remarkable variety of host plants, includ- sues other than the seeds. They are not involved in 
ing species of the Myrtaceae, Apiaceae, Rosaceae. pollination. Virtually all yuccas host Prodoxus spe- 
Grossulariaceae, and Saxifragaceae, i.e., represen- cies that feed inside the inflorescence scape, and 

ah 


tatives from four plant orders (APG, 1998). In cases most fleshy-fruited and spongy-fruiled yucc 


*/I *1 O 


SO 


where immature stages are known, the larva feeds 
inside plant tissue during early instars, and then 
from the outside while concealed insi lie folded 


host species that feed inside hardening galls in the 
exo- or mesocarp portion of the fruit. The recently 
described Prodoxus phylloryctus Wagner & Powell 
leaves or cases during the final instars of (level- is so far unique within the genus in feed ing as a 

opment (Davis, 1987; Davis et al., 1992). 

Colonization of woody monocots, first observed ner & Powell, 1988). In addition, the peduncles of 
in Mesepiola , coincides with colonization of arid at least six Agave species are used (l 1 rack, 1982) 
habitats and a concurrent change in life habit to by some Prodoxus species. I will not deal with them 


communal gall-maker in fleshy yucca leaves (Wag¬ 


having larvae that feed inside host tissue until feed- further here, as they are not directly involved in 
ing is complete (Davis, 1967; Frack, 1982). Mese- the pollination mutualism. 


piola feed on members of Nolinaceae, whereas the 


The pollinating yucca moths belong in the genera 


three yucca moth genera Prodoxus , Parategeticula , Parategeticula and Tegeticula. Parategeticula , with 
and Tegeticula feed on members of Agavaceae. Pro- four described species (Pellmyr & Oalcazar-Lara, 
doxus (the “bogus yucca moths'’ of Hiley (1880)) 2000), is unique in having lost the linear cutting 
coexist with the two other genera, but feed on tis- ovipositor of prodoxid moths used for inserting eggs 
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into plant tissue, and instead their thick blunt ovi- logical aspects of interactions among both yuccas 

positor is used in creating a groove on the surface and the moths, and here 1 only outline major shared 

where eggs are laid (Davis, 1967; Powell, 1984). In elements. The female yucca moth of both pollinator 
spec ies with known biology, they also differ in that genera is equipped with unique tentacular mouth- 
the larva bores into the young fruit, where it causes parts that she uses for pollen handling (Riley, 1892; 

the formation of a gall-like structure (“cyst" of Povv- Davis, 1967; Fig. 5A). She collects pollen from 


ell, 1984) formed from modified placental tissue yucca (lowers by dragging her tentacles across the 

and a lew immature seeds that in effect fuse and anthers. The pollen is embedded in copious pollen 

are consumed from within. Tegeticula was until re- kitt. almost to the point of floating in a semiliquid 

cently held to consist of three species ( T. nuiculata matrix in Hesperoyucca, and often comes off as a 

(Riley), T. synthetica (Riley), and T yuccasella) with unit from the anther. The moth compacts the pollen 

broadly similar life histories (Raker, 1986). Mor- using the tentacles, and then stores it as a batch 

phological variation had long been reported within underneath her head (Fig. 5A, B). File pollen is 
T yuccasella but considered as intraspecific varia- kept in place by adhesion alone, and the tentacles 

lion (Busck, 1947; Davis, 1967); Davis (1967: 53) play no part in holding it in place. This load can 


stated that more than 






one biological entity may 

" mm 


be substantial, reaching nearly 10,000 grains in Te- 


exist, but refrained from delimitation on the geticula yuccasella females, and constituting nearly 
grounds of insufficient information. Miles (1983) 10 percent of the moths body weight (Pellmyr, 

used morphometric data to demonstrate the pres- 1997). Pollen collection can recur on an occasional 


ha sis during the active life of the female, so her 


ence of at least three unnamed host-specific* enti¬ 
ties. Further studies using morphological and mo- pollen load may consist of multiple pollen geno- 

lecular tools have so far led to the description of types. Following pollen collection, the female seeks 

13 species (Pellmyr, 1999), and several additional out flowers of her host species for the purpose of 

taxa remain to be described (Pellmyr & Balcazar- finding suitable oviposition sites. Under most cir- 

Lara, in prep.). Tegeticula nuiculata is morpholog- cumstances, only first-night flowers tend to be ac¬ 

cepted but under some circumstances older flowers 
well consist of several biological species (Powell & may also be subject to oviposition (Rilev. 1889). In 


ically and molecularly highly divergent and may 



Mackie, 1966; Segraves & Pellmyr, 2001), and I ! Tegeticula , the female first walks around the ovary, 

synthetica as currently circumscribed contains two and her decision whether to oviposit is influenced 

species (Pellmyr, in prep.). All species consume not only by the flower itself but at least in some 

seeds as larvae, but there is variation in oviposition species also by its visitation history (Addicott & 

timing and location. Pollinators oviposit at the time lyre, 1995; Huth & Pellmyr, 1999). In T yucca - 

of flowering, but Tegeticula species, sometimes re- sella , females deposit a host-marking pheromone 

to as “cheater yucca moths," delay oviposi- during oviposition, and subsequent visitors perform 

lion to the fruit stage and have independently lost a crude estimation of pheromone quantity (Huth & 

the behavioral and morphological traits of active Pellmyr, 1999). Visitors become increasingly un¬ 
pollination (Pellmyr et al., 1996a; Pellmyr & likely to accept a flower with increasing number of 

Krenn, 2002). Intrageneric phylogenetic informa- prior visits. In one case of two coexisting pollina¬ 
tion for Par ate geticula and Tegeticula is relatively tors, one species responded to visitation history 

well established (Pellmyr & Leebens-Mack, 2000), whereas the other made oviposition choices inde- 

with the major remaining uncertainties revolving pendent of number of prior visits (Addicott & lyre, 

around a rapid burst of radiation creating most lin- 1995). If the female decides to oviposit, she posi- 

eages within the T yuccasella complex and the in- dons herself in a species-specific location on the 

elusion of remaining undeseribed species primarily ovary and cuts into il (Fig. 5C). Most species pen- 

from the southern portion of the range. A note of elrale die ovary wall and lay eggs inside the locule, 

caution about older publications involving the but a few species oviposit very superficially under 

moths of the T yuccasella complex is indicated: the epidermis. The female then uses the tips of her 

because of the historical lumping, many studies tentacles to scrape off a small amount of pollen 

must be interpreted very cautiously and are some- from her batch, walks up to the stigma, and places 

times of little value, as studied species are not die pollen on the papill ose internal surfaces of the 

identifiable and because as manv as three coexist- perforate style using a series of 10—20 bobbing 


ing species may have been treated as one. movements (Fig. 5C, F,). I he only exception in this 

regard is T. nuiculata , which pollinates the capitate 
Basic ecology of the plant-pollinator interne - stigma of Hesperoyucca wliipplei Ton*, using the 

tions . There is considerable variation in the eco- same scraping behavior as is used for pollen col- 
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Figure 5. 


A. Flea<l of Tegeticida carnerosanella female. Large pollen load (P) held below die head, with left 

—B. Female T. yuceasella 


tentacle and proboscis indicated by black and white arrows. Cross section of tentacle 1.0 mm. 
compacting pollen just collected from a K jilamentosa stamen. —C. Females of T. yuceasella pollinating (top) and 
ovipositing into (right) a Y. filamentosa ovary. —I). Female T. intermedin ovipositing into a ea. 8-day-old Y. Jilamentosa 
fruit: note constriction caused by T yuceasella ovipositions. —E. T. treculeanella female pollinating V. treculeana 

w +S 

_ _ M A A A M # 


F. Longitudinal section through locule of mature ). 


Carri^re flower. Moth wing length in panels B—K 10— I I mm. 
carnerosana (Trel.) McKelv. fruit, showing feeding path of T. carnerosanella larva that has destroyed seven seeds: fruit 

length 73 mm. For a set of color pictures of T. yuceasella behavior on K jilamentosa, see Murawski (199<). 


lection. A female may repeat oviposition and pol¬ 
lination many times on a flower, especially if she 
started on a virgin flower. In T. yuceasella, polli¬ 
nation almost invariably happens following the first 
oviposition on a flower, hut females then become 
increasingly likely to skip pollination during sub¬ 
sequent oviposition bouts, and they also deposit 
less pollen per pollination event (Huth & Pellmyr, 
1999). Females of the species that encounter a 
(lower visited by one other female first typically 
perform about half as many ovipositions and pol¬ 
linations as the first female (Huth & Pellmyr, 
1999). and a smaller yet significant reduction was 
observed in T. altiplanella Pellmyr (Addicott & 
lyre, 1995, referred to as “deeps"). Once a female 
moves on, she usually walks to adjacent flowers and 
inspects them for suitability, then visits other side 
branches, and eventually she flies off to other in¬ 
florescences. Consequently, females perform both 
geitonogamous and xenogamous pollinations (Kiley. 

1892; Fuller, 1990: Dodd & Linhart, 1994; Pellmyr 
et al., 1997; Marr et ah, 2000); there is no exper¬ 
imental evidence of plant self-incompatibility and 


ruit set readily occurs following both types of pol- 
ination, but selfed fruits are highly susceptible to 
ibscission when they develop in competition with 
jutcrossed fruits (Pellmyr et ah, 1997; Richter & 
Weis, 1998; Huth & Pellmyr, 2000). 

Fggs of Tegeticula hatch within a few days, and 
larvae of species that lay eggs inside the locule start 
feeding on seeds immediately. In species that ovi¬ 
posit superficially, the larva first burrows in the 
svary wall before entering the locule to feed on 

seeds (Wilson & Addicott. 1998; Pellmyr & I^*e- 
bens-Mack, 2000). Larvae consume a variable 
number of seeds (Fig. 5F), depending on the spe¬ 
cies and factors such as the presence of abortive 
seeds that can reduce per capita consumption 

[Powell, 1984; Ziv & Bronstein, 1996; Bronstein & 
£iv. 1997). Upon completion of feeding, the larva 
creates an exit path. It preferentially exits during 
rain, either night or day (W hitten, 1894), but per¬ 
haps more commonly at night (Groman & Pellmyr. 
unpublished data), and can spend extended time 
waiting inside the fruit for optimal conditions (Pow¬ 
ell & Mackie, 1966). The larva burrows into the 
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ground, where it creates a silk-lined cocoon cov- moths, three species were monophagous and the 
ered with soil or sand particles. The exact location fourth species (T. yuccaselia s.l.) was held to pol- 
in the ground has never been reported, hut from linate all other yuccas. This appeared somewhat 
lab trials Itiley (1873) reported depths of 7.5—10 paradoxical, as most phytophagous insects show 


cm and Ran (1945) 2.5-7.5 cm for T yuccaselia relatively high levels of host specificity (Khrlich & 

and perhaps also T intermedia Pellmyr. Powell Raven, 1964; Price, 1980; Farrell & Milter, 1993; 

(1984) reported depths of 1—3 cm in shallow con- Thompson, 1994), especially when the phenological 

tainers for 7. made rue Pellmyr. The larvae of live window for the insect to successfully oviposit is 

Tegeticula species (T. yuccaselia , T. intermedia , T. very narrow. Yucca moths, which only Wxe fora few 

cassandra Pellmyr, T treculeanella Pellmyr, T car - days (Kingsolver. 1984; Powell, 1984), must access 

nerosanella Pellmyr) reared in my lab commonly the plant during the short flowering period, so moth 

created their cocoons at a depth of 20 cm where populations would have to be locally adapted for 

they reached the impenetrable bottom of the rearing the flowering periods of different hosts. For exam- 

canisters. The variation in reported depths among 

Tegeticula species may at least in part reflect depth Chihuahuan desert, four yucca species coexist and 
of rearing canisters. have lar ge I y non-overlapping flowering periods 


pie. in areas such as the Rig Bend region of the 


I he larva enters diapause inside the cocoon and spread out from February to early June. If a single 

pupates a few weeks before emergence. This may pollinator species were to utilize all four species, 

happen after a one-year diapause, but the larvae this would require intraspecific polymorphism in 

can remain in diapause in lab conditions for at least emergence phenology with four distinct peaks in 


cas in southern New Mexico differed greatlv in 


four years (Riley, 1892). Very high fruit set during the moths. Busck (1947) and Davis (1967) specu- 

rnass flowering episodes in yucca populations that lated that T. yuccaselia may be a complex, but suf- 

then effectively cease flowering almost completely fered from a dearth of material available for study, 

for several years (Pellmyr, unpublished data) sug- The first solid data supporting the hypothesized 

gests that the moth larvae are capable of diapausing complex were provided by Miles (1983), who 

for several years in the field as well, and that there showed that the pollinators of three sympatnc yuc- 
are unidentified cues that Irigger completion of de¬ 
velopment and adult moth emergence. This is not morphology. She described the entities but did not 
to suggest that moth emergence is perfectly syn- formally name them. Addicott (1996) likewise pro- 

chronized with host flowering—we know it is not vided morphometric data suggesting the existence 

(Frack, 1982)—but rather that a sufficient number of several more host-specific species, and Pellmyr 

has remained in diapause to emerge at the time of et al. (1996a) provided molecular phylogenetic data 

mass flowering to cause high levels of pollination. indicating the presence of a large complex. Thir- 
The lift 1 history of Parategeticula is known in teen species, including eleven pollinator species, 
less detail than that of Tegeticula , but imposition have since been described (Pellmyr, 1999). 


and larval biology of one species, l J . pollenifera Da- 


Given the revised modi species delineation, < 1 iet 


vis, has been described in detail by Davis (1967) breadth among die pollinators is now more uniform 

and especially Powell (1984). The most obvious dif- (fig- 6). Using the yucca species delineations used 

ference is that Parategeticula females oviposit on hi Pellmyr (1999), members of the T. yuccaselia 

pedicels and in petals, rather than into the ovary. complex have been recorded from 17 host species. 

In this case, the larva chews its way into the ovary. Seven of the eleven pollinator species within the 

m m 

and thru proceeds to leed on partly modified seeds complex are monophagous, one has two hosts, two 

as described above, larvae of pollenifera pupal- have three hosts, and one has six recorded hosts, 

ed at 1—3 cm in shallow containers (Powell, 1984). I bus more than 70% of all pollinator taxa are mo- 

and /\ elephantipella Pellmyr & Halcazar-Lara nophagous. and the most oligophagous species uses 

formed their cocoons at 2—1 cm depth in 15 cm of s ' x host species. The reason for this level of spec- 

loose soil (Pellmyr & Ralcazar-Lara, 2000). Pam- ificity remains to be explored, but certainly involves 

phenological specialization on hosts and probably 

ably required two years to complete development also selection for specialization on plants with crit- 

(Powell, 1084), whereas the tropical P. elephanti- ‘‘’al differences in ovary morphology. Interestingly, 

pella emerged in the lab without a diapause (Pell- *he two derived non-pollinating yucca moth species 

myr & Balcazar-I-ara, 2000). known to use four and six hosts, respectively, 

giving them a significantly broader host range than 
Patterns of host specificity. In the traditional the pollinators with which they coexist (kruskal- 

reeognilion of four species of pollinating yucca Wallis test, \ 2 = 5.68, p = 0.017). Proximal rea- 



a invari- 
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however, no fruit set occurred. Hulst (1886) was the 
first to use the fallacious argument of abundance of 
a particular visitor as evidence of pollinator func¬ 
tion when stating that honey bees (Apis mellifera 
L.) can be copollinators. Frustrated with such un¬ 


tested hypotheses presumed to be true, Riley used 
a range of experimental and observational ap¬ 
proaches to gather data to test them. Whereas lie 

1887, 

pub- 


presented his conclusions in print (Riley, 

1889, 1892), the original data 


never 


lished. Tabulated result sheets found in the 


17 


Number of host species 


Figure 6. 


chives of the Missouri Botanical Garden showed 
that inclusion experiments using two of the most 
common flower visitors, A. mellifera (25 bees, 72 
Number of recorded hosts of described Te- hr.) and the soldier beetle Chauliognathus pensyl - 

- _ i • r • 1 1 I 

vanicus de Geer (Gantharidae) (36 beetles, 24 hr.), 
in separate gauze bags containing single Yucca fi- 


geticula and Parategeticula species. The two open bars 
give data for the four species recognized before 1999. 
Black bars give number of hosts for described pollinator 


5.68, | 


) 


0.017). 


species and striped bars derived non-pollinator species as lamentosa L. inflorescences failed to result in any 

of 2000. Cheater species have significantly more hosts per fruit development, whereas control inclusion ex- 

species than pollinator species (Kruskal-Wallis test, x — periments with yucca moths caused fruit produc¬ 
tion. Riley (1889, 1892) and Trelease (1893) fur¬ 
ther argued against copollinators on the basis of 

extensive visitor behavior observations. For exam- 

sons for the wider diet of non-pollinators remain to , . , c . . .1 i .i ii i 

1 pie, honey bees were found to mostly lap the floral 

be explored. Because the non-pollinator larvae feed . • r * i u i i * m i 

' * . exterior for water and honeydew exudates, and 

on seeds side by side with pollinators, diet is an 
unlikely explanation, but plausible hypotheses t< 
test include a broader phenological window for spe¬ 
cies that oviposit into fruits, oviposition modes that 

are less likely to select for specialization, or higher , r i . « . .i i i i 

1 ^ moths, for example where plants recently had been 

had been found to set 


> 


when inside the flower probed the ovary base far 
away from the stigma. Similarly, other visitors also 
rarely moved close to the stigma. Riley (1881, 
1892) also emphasized that plants in areas without 


potential for establishment on novel hosts through . . . . 

' . put into cultivation, - - -- 

colonization because of limited resource competi- r . . , . ■ r .u • , 

' fruit, even though a wide array ol other insects were 


h„n will, resident ,H,lli„ a tors (Pellmyr & Leebens- on h He a|(j(> no|ed |hat in area! 


where an introduced yucca species coexisted with 
a native, moth-inhabited species with different 


Mack, 2000; Marr et al., 2001). Alternatively, it 

may reflect species age; because the non-pollina- 

tors are among the younger species in the complex, n . 9 , t r . [ i i 

B h f 1 flowering phenology, fruit set was never observed, 

they have simply had less time available for poten- , a • • i c • a* • i.. ,i 

* * .... 1 whereas rare flowering coincidence ot individual 

tial diversification through host specialization. 


plants wilh a native yucca had been known to result 


Th 


e 


if 


Suggestions in fruit set. 


Speculation about copollinators was raised anew 


est quantities of pollen on their bodies, was sug¬ 
gested as a possible vector. No attempt was made 


of pollinators other than yucca moths appeared 
shortly after the original description of the plant- by Dodd and Linhart (1994). A lauxaniid fly (Pseu- 

moth interaction, and this argument has resurfaced docalliope sp.) found in abundance on Yucca glauca 

in the last decade, leading one monographer to the flowers, with some individuals found to carry mod- 

unfounded conclusion that "when moth populations 
are low. the fly Pseudocalliope may be an important 
alternate pollinator [of yuccas]” (Verhoek, 1998). to test experimentally whether the flies cause pol- 

For this reason, it is worth revisiting the support lination. There is reason for skepticism, because, 
for this untested hypothesis. as Riley (1892) first pointed out, lack of fruit set is 

I will discuss first all species other than Yucca common in yucca populations for a variety of rea- 

aloifolia . which is a special case in this regard. 1 lie sons, yet flower visitors other than moths are often 

earliest claim of copollinators was made by Meehan common in those same populations. Further, even 

(1879). who presented fruits resulting from geiton- if occasional modest pollen transfer were to take 


ogamous hand-pollination on a cultivated Y glauca place through visitors other than the moths, it 
Nutt, as evidence that other animals could serve as would likely be of little or no ecological and e j vo- 
pollinators. In the absence of hand-pollination, lutionary significance. This follows because flowers 
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lliut receive small pollen loads or sell pollen are (Pellmyr. unpublished obs.). In sites with moths on 

highly susceptible to selective abscission (Richter other yuccas, it is generally explained by moths 

& Weis, 1998; Huth & IVlImvr, 2000); thus a poor visiting only K aloijolui infloresi •ences that coin¬ 
vector is expected to contribute minimally to plant cide with those of the native host (Riley, 1892). 

fitness. I he century-old hypothesis about existence Klsewhere this cannot be the case. Conceivable ex- 

of copollinators could readily be settled by the planations include intrapopulational variation in 

proper experiments. A simple experimental ap- visitor guilds, and possibility of autogamy or gei- 

proach could exploit the size differences between tonogamy, but they are relatively unlikely expla- 

yucca moths and proposed copollinators by using nations in the first place, and no observational or 

selective screens that permit entry to smaller visi- experimental data exist to explore these or am edi¬ 
tors (such as the lauxaniid fly) but exclude the larg- er hypotheses. It is also possible that ). a Unfolia is 

er Tegeticula moths; this approach worked well in under limited selection for maintaining sexual re¬ 
determining contributions to pollination by flics production, as it reproduces very vigorously bv veg- 

and bumblebees selectively screened on Trollius 


< 


mation about selling and outcrossing rates. 


Native propagation. This happens both through rap- 
europaeus (Pellmyr, 1989). Given very high levels id clonal extension and establishment by broken-off 

of genetic diversity in yuccas (feist. 1995; Massey plant parts (Brown, 1959); in coastal North Caro- 

& Hamrick, 1998). routine genetic analyses of any lina, local residents disseminate the plant by cut- 

resulting seed progenies could also provide infor- ting stems in l()-cm pieces that are tossed on the 

ground in disturbed sandy sites (J. Groman, pers. 

Yucca uloifolia is the single exception to the lack comm.). This habit of elevated vegetative propaga- 

of evidence for pollinators other than the moths. lion, absence of an endemic pollinator, core loss in 

Introduced as a garden plant in hurope no later the fruit, and poorly synchronized flowering spread 

than 1596, in Australia by 1885, and in Melanesia across many months suggest that }. uloijol hi may 

by 1880, it has been reported on several occasions be an escaped cultivar. Described from Kuropean 

to set fruit in locations outside North America even gardens, Trelease (1895) referred to it as a species 

though there never have been any coincident moth without a known geographical origin, and this is 


reports. For example, Fngelmann (1878) saw fruit- still the case. It is most closely related to Y. e/e- 

w 

ing plants in Italy, bayard (1880) in gardens ol New phantipes and V. lacandomca . which are tropical 

forest dwellers along the Gulf side of Mexico from 
Veracruz to Yucatan and into northern Belize (Ma- 


Caledonia on what undoubtedly was V. aloifolia 
(MacKee, 1 994), R i ley (1891) conveyed a report 


from Australia, and Galil (1969) reported fruit set tuda & Pina Lujan, 1980; Davidse et al.. 1994); 

in a cultivated plant in Israel. The plant historically within this range, they set fruit through the actions 

was scattered along the southeastern North Amer- of a specific yucca moth (Pellmyr & Baleazar-Lara. 


ican Atlantic and Gull coast, especially along sandy 2000, unpublished data) whereas plants are sterile 

shores from central North Carolina to eastern Lou- elsewhere. I his is most evident in V. elephantipcs , 

isiana (Fig. 8). ()( ‘casionally plants set fruit in parts which is widely cultivated throughout Mexico and 

of that range, typically as a result of colonization southward at least to Panama for its comestible 

by Tegeticula yuccasella and T. cassandra from co- flowers. Yucca aloijolui has been reported from 

existing and simultaneously flowering V. jilarnen- Mexico (Maluda & Pina Lujan, 1980). but exami- 

to&a (Fngelmann, 1878; Riley, 1878; Pellmyr, nation of available herbarium collections at UNAM 

w 

1999), but fruiting plants without oviposition scars for their records indicates that these refer to cul- 

or larval damage have also been reported (Riley. tivated specimens and to ). elephantipcs (Pellmyr 

1892; Groman, 1999). Riley hypothesized from Ho- & Bali *azar-Lara. unpublished data). In addition to 

ral structure that it may have resulted from autog- its distribution along the shoreline of southeastern 

amy, but Trelease (1898) found that lie could pre- North America, Y. aloifolia is reportedly also estab- 

vent fruit set by excluding all floral visitors with a fished on Cuba, Jamaica, the Bahamas and Ber- 

gauze hag in a plant that previously had produced muda (Irelease. 1902), where pre-Hispanic eul- 

fruit. This is the only reported experiment for any tures are suggested to have used its roots for soap 

yucca that provides even moderate support for other (Fngelmann, 1878). This use, together w ith a dis- 

visitors as copollinators. It needs to be replicated junct geographic range from the remainder of the 

with reasonable sample size, and with inclusion as genus and traits characteristic of cultivated plants. 

makes plausible a hypothesis that ). aloifolia orig- 


well as exclusion treatments. 

— - — , ' V. ' 

The situation is more complex as Yucca aloifolia mated from >. elephantipcs as a cultivar selected 
can have fruiting and non-lruiting inflorescences for its high vegetative propagation. If correct, phy- 
within populations and even individual plants logeographie studies are predicted to show a ge- 
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netically depauperate X aloifolia nested within X 
elephantipes. This would he an important analysis 
to perform from the perspective of the plant-polli¬ 
nator association, as possible corroboration would 
imply that occasional fruit set in the absence of 
moths in X aloifolia is irrelevant to understanding 
diversification and coevolution of the plant-moth 
mutualism. 


Evolution of the Mutualism and Its 
Ecological Context 


The origin of the mutualism long remained un¬ 
known, and was subject to little speculation for 
more than a century after its initial discovery. Two 
limiting factors loom important in this context. 
First, life history differences and variation in out- 

m 

comes of yucca-yucca moth interactions had vet to 

j j * 

be discovered. The interactions between the four 

historically recognized yucca moth spec ies (Davis. 

1967; Powell, 1992) and yuccas were held to be 

obligate mutualisms, so there was no apparent 
transformation series to analyze. Second, and per¬ 
haps more important in retrospect, the phylogenetic 
framework of the yucca moths at the family and 

m » 

genus level was not determined until the 1980s 

(Frack, 1982; Nielsen & Davis, 1985). At that time, 

life history data also started to appear for the close¬ 
ly related genera of prodoxid moths (Frack, 1982; 

Davis et al., 1992). 


A timeline for establishment of the yucca-yucca 
moth mutualism . The fossil record is quite poor 
for these plants and effectively absent for the 
moths, providing little assistance in dating the es¬ 
tablishment and diversification of the plant-polli¬ 
nator association. The only pre-Pleistocene yucca 
macrofossil is a 14-My old trunk segment described 
as Protoyucca shadishii Tidwell & Parker from Ne¬ 
vada, most resembling the extant Yucca brevifolia 
(Tidwell & Parker, 1990). Fossil pollen described 
as Agave has been described from the mid Miocene 

(Axelrod, 1979; Palacios & Rzedowski, 1993). Bre¬ 
mer (2000) used clocklike behavior in rbcL to es¬ 
timate the minimum age of the Funkiaceae, which 
is the sister family of Agavaceae + Camassiaceae 
(Pfosser & Speta, 1999), at 21 My, whereas Eguiar- 
te (1995) provided an independent r/>cL-based es¬ 
timate for the Agavaceae of 14 My. For the moths, 
a mitochondrial DNA sequence data set was used 
to estimate age of their diversification, using bio¬ 
geographic events for calibration (Fig. 4; Pellmyr 
& Leebens-Mack, 1999). Colonization of yuccas as 
a host was estimated at having occurred about 41.7 
Mya, with the diversification of the three genera 
that inhabit yuccas being so rapid that their dates 


overlap. Importantly, this narrow time window in¬ 
cludes the split between the two pollinator genera 
as well as the most basal split within Tegeticula 
(between T. maculata and all other species), show¬ 
ing that the pollination habit was established in a 
common ancestor verv close in time to the coloni- 

w 

zation of the yuccas by prodoxid moths. Given this 
rapid diversification of the moth lineages, we can 
infer that a basal radiation of yuccas was in exis- 

w 

tence by this mid Eocene date, pre-dating current 
independent estimates for the plants. For compar¬ 
ison, there is strong molecular data from several fig 
wasp lineages suggesting that the obligate mutual¬ 
ism between figs and fig wasps had originated by 
the late Cretaceous, some 90 Mva (Machado et al.. 

w 

2001 ). 


PATTERNS OF TRAIT EVOLUTION IN PRODOXIDAE 
LEADING TO OBLIGATE MUTUALISM 


The obligate mutualism between the moths and 
yuccas could have originated either through exten¬ 
sive trait-level evolution, or it could have been pre¬ 
cipitated in interactions where only minor quanti¬ 
tative changes in preexisting traits would be 
required to switch the outcome from antagonism to 


mutualism. This would happen, for 


pie, by 


variation in outcome based on ecological context. 
Studies of the biology of more basal prodoxid moths 
that do not feed on yuccas lend support for this 
model of pre-adaptations, and also reveal two sep¬ 
arate origins of pollination mutualism between 
three members of the genus Greya and their s< 
fragaceous hosts (Pellmyr et al,, 1996a). 

The first studies were made of Greya politella 
alsingham), a specialist of several species of 
Lithophragma (Saxifragaceae) (Pellmyr & Thomp¬ 
son, 1992; Thompson & Pellmyr, 1992). The female 

moth oviposits into the ovary through the tubular 
hypanthium, and pollen often is transported on < 


elongated abdominal segment. Experiments showed 
that oviposition was a highly effective pollination 
behavior. At study sites in Washington, an exten¬ 
sive guild of copollinators of mostly bombyliid flies 
and solitary bees also provided cross-pollination. 


Although none of the copollinator species was a* 
effective per visit as the ovipositing moths, their 
relative abundance and far higher rate of visitation 
made them important contributors to pollination in 
the study population. In two years of study, G. pol¬ 
itella was estimated to have contributed 0.8—2% of 
all seed set in the study population. Their positive 


effect was effectively 


sked. 


there was no sig¬ 


nificant effect of moth oviposition on net seed set. 
Their negative effect through larval seed consump- 
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lion was also masked by other sources ol variation ly abscised will perish. Floral abscission is highly 
in seed production. The outcome of this moth-plant selective, with fertilized flowers resulting from 


interaction is thus strongly dependent on eopolli- small pollen loads or self pollen having a much 

nator contributions, as the *re will be no selection on elevated risk of abscission (Pellmyr et al.. 1997; 

moths for improved pollination efficiency unless it Richter & Weis. 1998; Hlitfi iK Pellmyr, 2000). For 

is tied to fitness differences. The same result was this reason, variation in pollination efficiency pro¬ 
found for drey a enchrysa Davis & Pellmyr. a highly vided by female yucca moths can result in differ- 

effective pollinator of its hosts in Heuchera , where ential abscission of flowers containing moth eggs, 

abundant bumblebee visitors masked beneficial ef- as females providing large amounts of pollen de¬ 
fects on seed set (Pellmyr et ah, 1996b). In these crease the risk of abortion. Importantly, this trait 

interactions, variation in outcomes can be expected could evolve in tin* females against a background 

across the ranges of the species (Thompson & Pell- of relatively inefficient, nectar- and pollcn-consum- 

myr, 1992; Gomulkiewicz et ah, 2000), potentially ing floral visitors. In a second step, reciprocal spe- 

leading to sustained selection for a stronger mutu- cialization in the plants on the increasingly eflee- 

alistic equilibrium between the moths and plants. live yucca moths is expected as the net fitness 

The third ease and second origin of pollination in contributions attributable to the ancestral nectar- 

Greya involves 0 . mitellae Davis & Pellmyr, a spe¬ 
cies whose larvae feed inside the flowering stalk 
and in leaf peduncles of Mitel hi stauropetala Piper. 

Moths pollinate while drinking nectar from the of nectar production were novel traits to the vueea- 

flowers. Whereas virtually all pollination was pro- yucca moth association in the sense that they are 

vided by the moths in study populations, no selee- not present in the plant-moth interactions imnie- 

tion on increased pollination efficiency is expected diately basal to it, and they may point to factors 

in this interaction as larval fitness is unaffected by that could facilitate similar transitions in other as- 

the incidental seed production during adult nectar- sociations. Consistent with this prediction, much 

ing bouts. This case indicated that there must be a reduced nectar production and low fruit: flower re¬ 
direct link between female pollination efficiency tio are characteristic of the recently described ob- 

and progeny fitness to cause selection toward in¬ 
creased pollination efficiency and potentially obii- columnar cactus Ijoplwcereus schottii and its polli- 


consuming visitors relative to energetic investments 
in the nectar reward became negative. Roth selec¬ 
tive abscission as a mortality factor and high cost 


ligate mutualism in the Sonoran desert between the 


gate mutualism (Pellmyr et al., 1996a). 

Mapping of several life history traits that were 
necessary prerequisites for the origin of the mutu- 
alistic behavior by yucca moths indicated that most 
traits were basal to prodoxid moths or at least had 
evolved before the lineage leading to the common 


nating moth, Upigd virescem (Holland & Fleming, 

1999). 


Rkvkhsal of Mutualism 


Mutualistic interactions contain an underlying 


ancestor of the pollinator genera. Hence this sup- evolutionary conflict in that the interacting partners 

ported a scenario in which the life habits of pro- are under selection for increased exploitation of 

doxid moths commonly have states that make pol- each other (Trivers, 1971; Bull & Rice, 1991; IVI1- 

linator function easy to acquire. At the same time, myr (k Huth, 1994). In a plant-pollinator relation- 

obligate mutualism that requires novel traits for ship, this might manifest as selection for higher ef- 

highly effective* pollination has only arisen once in fieieney in reward extraction among pollinators, and 

the family, in tin* true yucca moths. Why did this smaller or more inaccessible rewards in the plants, 

happen in the* yucca-yucca moth association, but In facultative relationships, such conflicts may re- 

not in the others? Pellmyr et al. (1996a) used an- suit in arms races that shut out excessive exploit- 

cestor reconstruction of the yuccas to erect a hv- ers. For example, a decreasingly rewarding plant 

pothesis in which highly effective pollination in the species may be abandoned by flower visitors that 

moths evolved first, followed by exclusion of an- have a choice, while plant traits that reduce losses 

cestral copollinators through effective cessation of to poor pollinators in theory can evolve to complete 

nectar production in the plants. A general feature exclusion, 

of the Agavaeeae is resource-limited fruit set (Suth- single pollinator and plant, this conflict has a po- 

erland, 1982), where ordy a minor fraction of all tentially different dynamic. In such instances, the 

w J 

flowers give rise to mature fruit. As prodoxid moths evolution of a cheating mutant with a fitness ad- 

colonized yucca ovaries, they thus encountered a vantage over mutualist individuals is expected to 

major new mortality factor for their progeny, be- lead to reciprocal extinction of the mutualists, at 

cause all eggs inside pollinated flowers subsequent- least at the population level and possibly on a spe- 


In obligate mutualisms that involve a 
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cies scale, depending on patterns of gene flow. For positor that allows them to oviposit into either a 

this reason, obligate mutualisms such as those he- flower or a young fruit. Thus, these pollinators may 

tween yuccas and yucca moths were long consul- he preadapted lor a switch to oviposit ion into fruit 

ered evolutionary dead ends (Soheron Mainero once a sympatnc pollinator species is available to 

m 

Martinez del Rio, 1985; Hull & Rice. 1991). This perpetuate pollination. Because of a selective ab- 

is clearly not the case under all circumstances, as scission mechanism in the yuccas that causes How- 

J 

two distinct species of non-pollinating cheater yuc- ers with many moth eggs of most pollinator species 

ca moths derived from pollinating ancestors have to he abscised within a few days of pollination, a 

been identified (Pellmyr et al., 1996a). The two de- large proportion of the seeds are simply not acces- 

scribed species, Tegeticula intermedia and R cor- sible for larval consumption by these pollinator 

ruptrix Pellmyr, oviposit directly into fruits at dif- species. Hence, a pollinator species that can delay 

fercnt stages of development, and the larvae oviposition by a few days and oviposits directly into 

consume seeds in coexistence with larvae of the young fruits can bypass the plant s abscission pe- 

pollinator species (Fig. 51)). Their presence can be riod and exploit a rich seed resource. In this sce- 

very costly for host seed production; in one study nario, the phonological shift can be an adaptive 

of K filamentosa , seed destruction was tripled in step into a novel niche that precedes the loss of 

populations where cheater moths coexisted with pollination habit, which becomes redundant once 

pollinator moths (Pellmyr et ah, 1996a). Ecological fruits become the target of oviposition. Available 

data did not reveal any competition between eo- data thus suggest that the origin of cheater yucca 

existing larvae of the pollinator T yuccasella and moths from pollinators did not result from selection 

the cheater T. intermedia (Marr et ah, 2001), so for cheating per se, but rather as a byproduct of 

coexistence is evidently not a problem, but the sep- selection for exploitation of a previously untapped 

arate issue of an evolutionarily stable origin of the seed source (Pellmyr & Leebens-Mack, 2000). 


cheater life habit remains to be explained. 


By analogy to evolution of non-cooperative pol- 

mr w 


Phylogenetic analy ses based on mitochondrial linators, it is in theory possible that cheating plants 

m C' • _ 

DNA sequence data suggest that the two species could arise in an obligate mutualism. In the case 

originated separately around 1.26 ± 0.9 Mya; thus of yucca plants, that would entail the evolution of 

these are not ephemeral lineages (Pellmyr el ah, mechanisms that maintain pollination but prevent 

1996a; Pellmyr & Leebens-Mack, 1999). A simple seed destruction by pollinator larvae. This could 

solution to the problem of escaping the evolutionary happen through mechanisms such as prevention of 

lar- 


rirs or 


dead end of obligate mutualism is coexistence of successful oviposition, or killing of the eggs 
two or more mutualists on a shared partner. For vae. If an alternative, cooperative host species ex¬ 
example, if two yucca moths were to coexist on one ists in the area, such cheating by plants could be 


yucca species, one moth species could evolvt 


th 


e 


e 


volutionarily stable, whereas evolution of cheating 

w 


cheater habit without causing failure of sexual re- plants in a single plant-single pollinator scenario is 

production in the yucca. In this situation, recipro- predicted to lead to extinction (Bull & Rice, 1991). 

cal extinction is only expected if both mutualists The only proposed case thus far involves a popu- 


independently abandon the pollinator habit. W ill 


i 


lation of Yucca baccata Torn, where Bao and Ad- 


the recent recognition of a large number ol pol I i- dicott (1998) reported that the fruits of a substantial 

nator species, it has become apparent that coexis- proportion of all plants lacked evidence ol larval 

tenee of pollinator moth species is not uncommon. damage, and speculated that this might be evidence 

with at least five documented instances of two pol- ol a cheating mechanism in these plants. They did 

linators sharing a host in all or part of its range not speculate regarding a mechanistic basis, but 

(Davis. 1967; Powell. 1984; Tyre & Addicott, 1993; mentioned that fruits without larvae had a distine- 

Pellmyr, 1999; Pellmyr & Balcazar-Lara, 2000; tive shape. Further studies will he needed to de- 


Pellmyr & Leebens-Mack, 2000). One of those termine whether a cheating mechanism indeed is 
sympatry zones is implicated in the origin of T. in- in pl< 


termedia. This species is most closely related to the It should be emphasized that the strongest, most 
pollinator T. cassandra, and available data suggest direct evidence for selection for cheating in a mu- 

that it may have evolved where T. cassandra came tualism would he direct evidence of individual life- 

into coexistence with T. yuccasella in part ol its lime fitness gains. Such data are wanting for both 

range. The pollinating sister species of both T. in- yuccas and moths, and it is difficult to accrue such 

termedia and the other cheater species oviposit in data. The major obstacle in measuring moth life- 

a way that distinguishes them from all other pol 1 i- time fitness has been difficulty to track them during 

nator species, and they have a characteristic ovi- extended llight; it is likely a matter ol time before 
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Section Clistocarpa (spongy-fruited Yucca ) 
Section Sarcocarpa (fleshy-fruited Yucca ) 
Section Chaenocarpa (capsular-fruited Yucca) 
Sections Sarcocarpa and Chaenocarpa 
equivocal 



Figure 


4 . 


Phylogeny ol Parategeticula and Tegeticula , tracking host use for each species. A 


to to 


(of following lh< 


name indicates that it is a cheater species. I wo, three, or lour origins ol Yucca sect. Sarcocarpa use are indicated and 
two or three origins ol Y. sect. Chaenocarpa use. Phylogeny from Pellmyr and Leebens-Maek (2000). host records from 
Pellmyr (1999) and Pellmvr and Balcdzar-Lara (2000). 


suitable technological tool 


s w 



be available to zation in the pollinators and pollen-mediated gene 


solve this problem. In the yuccas, longevity of de- flow in the plants (Bogler et aL 1995; Pellmyr et 


cades or centuries (Mckelvey, 1958; Webber. 1953 

w 


ah, 1996a). The fig-fig wasp associations and yuc- 


Matuda & Pina Lujan, 1980; Webb, 1996; Comanor ca-vucca moth associations are sufficiently speeiose 

& (dark, 2000), with iteroparity in all but one spe- that analysis ol parallel diversification is possible, 
cies, and also different magnitude and possible 


Analyses of the association between figs and fig 

n P 


plasticity in vegetative propagation, makes it diffi- wasps have indeed indicated a high level of parallel 

cult ever to measure lifetime fitness. In conse- diversification at the level of fig genera and sub- 

quence, surrogate measures, such as intact seed genera (Herre et al„ 199(»). while there is emerging 

production in the plants, are the best available op- evidence that this pattern breaks down to a fair 

degree at lower taxonomic levels (Lopez-Vaamonde 
et al., 2001; Machado et al., 2001). Analysis for the 

• W 

yuccas and yucca moths is still rudimentary as the 

* J 

yucca phylogeny is incompletely resolved, and the 


tion. 


Parallkl Speciation and the Role oe 
Coevolution in Pi.ant-Moth Diversification 


W hen species are tightly associated, there is a unresolved polytomy in the moth phylogeny also 

probability that they may co-speciate (Eiehler, limits analysis (fig. 7). (iiven the current unre- 

1948; Huelsenbeck el al., 2000). Such parallel d i- s< >b ed plant relationships, there are no strong can- 

versification may result either from vieariance- didates for parallel diversification, although this 

based divergence or from coevolutionary processes may change with increasing phylogenetic informa- 

between the species (Page, 1994). For this reason, tion. Meanwhile, several lines of evidence indicate 

obligate pollination mutualisms between seed-par- that there are numerous instances where coloniza- 

asitic pollinators and their hosts should be good tion has occurred. The most obvious instance in¬ 
candidates for parallel diversification, as potential volves recent colonization by Tegeticula yuceasella 

divergence may derive from linked host speciali- of Yucca aloifolia . Similarly, T. baccatella Pellmyr. 

mJ / 
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which feeds on a fleshy-fruited host, is nested amid CONCLUSION 


species that feed on capsular-fruited yuccas (Fig. 
7). and thus supports a past shift assuming that 
monophyly of fleshy-fruited yuccas is upheld. The 


It mav seem a somewhat subdued note on which 

m 

to end. that we cannot yet perform rigorous lests of 
die role of coevolution in the diversification of vuc- 


cheater T. cormptrix, also arising from an ancestor t . ag and yucca mo(|ls Bu , the reason is simply that 
on a capsular-fruited yucca (Fig. 7), now utilizes a i arge amount 0 f information about morphology, 

ecology, natural history, and phylogeny is required 
for any one association before analyses of the his- 
torical impact of coevolution can be explored. Most, 


both fleshy-fruited and capsular-fruited species 
Second, the coexistence on a host of non-sister taxa 
of Tegeticula pollinators cannot be explained by 


parallel diversification; in principle, coexistence of | )U j no t all, of these requirements are now largely 

a Parategeticula and a Tegeticula pollinator on a met. The last 15 years have seen a dramatic in- 

w 

host could reflect two independent parallel diver- crease in our understanding of organismal diversity, 

sifications with the hosts, but there is very little especially among die insects, although much infor- 

support from published host data for this explana- mation from the Mexican range of the yucca-yucca 

tion (T ig. 7). Third, instances where a pollinator moth associations remains to be published. Ecolog- 

species utilizes more than one host species (f ig. 6) 


ieal and evolutionary dynamics have also become 

w w 

cannot reflect parallel diversification, although they far better understood in the last decade, including 
may possibly reflect an ancestral association with the expansion into the realm of reversal of mutu- 
subsequent unilateral diversification in a monophy- alism. Phylogenetic information is now arguably die 


letic- group of hosts. 

Co-speciation does not require revolutionary 


primary limiting factor for analyses of coevolution 
and several other major questions, but there is rea¬ 


sses, and coevolution can act on organisms son h°P e robust information soon will be 

available for both groups. Ongoing parallel projects 


proc 

regardless of their history of association: thus the 


i r i .• i • • i; r .• i on subsets of fig-fig wasp associations (e.g., Lopez- 

role of coevolution in driving diversification he- & & * v & 1 


Vaamonde et al., 2001; Machado et al., 2001; Wei- 

blen & Bush, 2002) as well as other mutualisms 
involving seed-parasitic* pollinators (Despres el al., 
2002) also offer possibilities for grander compari¬ 
sons across mutualisms in the next few years. 

w 

\\ hatever generalizations about factors mediating 

plant-pollinator mutualisms emerge from these 

ogy and moth ovipositor morphology, may be strong , . , , a i i 

1 1 . * . highly specific associations can soon he used as a 


tween the plants and the pollinators is an altogether 
separate matter. Selection on plant and moth trails 
that vary among species may arise either from the 
interacting partners or from factors extrinsic to the 
interaction. For example, traits likely to affect modi 
oviposition success, such as floral ovary morphol- 


candidates for reciprocal selection as they directly 
affect plant and pollinator fitness. Meanwhile, traits 
such as petal shape and color may be more likely 


template in analyzing other, more complex plant- 
pollinator mutualisms. 


to be under selection based on a wide range of , j» e rature Cited 
antagonistic interactions with other herbivores, as 


well as abiotic factors. To determine the historical 
role of coevolution in the diversification of an in¬ 
teraction, variation in divergent traits must be par¬ 
titioned to remove extrinsic components, i.e., in es- 
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